ABSTRACT APE1/Ref-1 is thought to be a multifunctional protein involved in reduction-oxidation (redox) regulation and base excision DNA repair, and is required for early embryonic development in mice. APE1/ Ref-1 has redox activity and AP endonuclease activity, and is able to enhance DNA-binding activity of several transcription factors, including NF-iB, AP-1 and p53, through reduction of their critical cysteine residues. However, it remains elusive exactly how APE1/Ref-1 carries out its essential functions in vivo. Here, we show that APE1/Ref-1 not only reduces target transcription factors directly but also facilitates their reduction by other reducing molecules such as glutathione or thioredoxin. The new activity of APE1/Ref-1, termed redox chaperone activity, is exerted at concentration significantly lower than that required for its redox activity and is neither dependent on its redox activity nor on its AP endonuclease activity. We also show evidence that redox chaperone activity of APE1/Ref-1 is critical to NF-iB-mediated gene expression in human cells and is mediated through its physical association with target transcription factors. Thus, APE1/ Ref-1 may play multiple roles in an antioxidative stress response pathway through its different biochemical activities. These findings also provide new insight into the mechanism of intracellular redox regulation.
INTRODUCTION
The reduction-oxidation (redox) states of cysteine residues, which can change reversibly within cells, often greatly influence the various properties of proteins, such as protein stability, chaperone activity, enzymatic activity and protein structure (1) (2) (3) (4) (5) . It has been shown that the redox states of cysteine residues of several transcription factors, most of which are located in the DNA-binding domains, affect their DNA-binding activity through redox mechanisms (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . For example, a cysteine residue in the highly conserved Rel homology DNA-binding domain (RHD) of NF-kB, such as Cys-62 of p50, needs to be in a reduced state for efficient DNA binding (19) (20) (21) (22) . We have shown in a previous report that Cys-62 of p50 is highly oxidized in the cytoplasm, and that after stimulation, it is converted to the reduced form in the nucleus to gain DNA-binding activity (23) . Thus, redox regulation is an important mode of regulation for several transcription factors.
Glutathione (GSH) and thioredoxin (Trx) are two major intracellular redox systems. GSH is the most abundant tripeptide thiol in mammalian cells that is present at millimolar concentrations and plays a pivotal role in the maintenance of cellular reducing environment and defense against oxidative stress (24) (25) (26) (27) (28) (29) . On the other hand, Trx is a highly conserved disulfide reductase that catalyzes reduction through the NADPH-dependent thioredoxin reductase (TrxR) system. The Trx system plays an important role in the redox regulation of multiple intracellular processes, including DNA synthesis, cell growth and resistance to oxidative stress and apoptosis (30) .
Furthermore, APE1/Ref-1 (for AP endonuclease 1/ redox factor 1) is known to contribute to redox regulation. APE1/Ref-1 was originally identified as a DNA repair enzyme with apurinic/apyrimidinic (AP) endonuclease activity and was shown to be important for the base excision repair pathway (31) (32) (33) . Subsequently, it was reported that APE1/Ref-1 reduces a redox-sensitive cysteine residue of the transcription factor AP-1 and thereby facilitates its DNA-binding and transcriptional activities (6, 7) . APE1/ Ref-1 is now known to enhance DNA-binding activity of several transcription factors, including NF-kB (6, 20, 23, 34) , Egr-1 (8) , HIF-1a (9) (10) (11) , HLF (9), Pax-5, Pax-8 (12) (13) (14) (15) and p53 (16, 17) , by regulating their redox states. Thus, APE1/Ref-1 is thought to be a multifunctional protein involved in both base excision DNA repair and redox regulation of transcription factors.
Despite accumulating evidence for the role of APE1/ Ref-1 in redox regulation, the underlying mechanism is poorly understood. Although initial studies suggested that Cys-65 of human APE1/Ref-1 (Cys-64 of mouse APE1/Ref-1) is critical for redox regulation of AP-1 (35) , subsequent analyses showed that this cysteine residue is not involved in redox regulation (36, 37 
MATERIALS AND METHODS

Preparation of bacterial recombinant proteins
The pET-14b (Novagen, Madison, WI, USA)-based expression plasmids of full-length human APE1/Ref-1, p50, p50 C62S, p65 and Trx, and pGEX-APE1/Ref-1 have been described previously (23, 34) . For the APE1/ Ref-1 C/S mutant, site-directed mutagenesis was carried out by the PCR-based overlap extension technique, and the resulting cDNA fragment was cloned into pET-14b or pGEX-6T-1 (GE Healthcare, Buckinghamshire, UK). The cDNAs encoding p52 and c-Rel were obtained by RT-PCR using human total RNA isolated from Jurkat cells and were introduced, respectively, into pET-14b. Expression vectors of p65 RHD, p52 RHD and c-Rel RHD were prepared by inserting the corresponding DNA fragments into the NdeI-BamHI sites of pET-14b. To construct expression plasmids for the bZIP domains of c-Jun and c-Fos, the DNA fragments encoding amino acids 222-331 of human c-Jun and 118-221 of human c-Fos were amplified by PCR and cloned into pET-14b. Bacterial expression and purification of histidine-tagged proteins were performed as described previously (23) .
Glutathione S-transferase pull-down assays
To prepare 35 S-labeled proteins, pET-14b p50, p65 RHD, p52 RHD, c-Rel RHD, c-Jun bZIP and c-Fos bZIP were transcribed and translated using TNT T7 quick coupled transcription/translation system (Promega, Madison, WI, USA). Escherichia coli strain BL21 (DE3) lysates containing 1 mg of glutathione S-transferase (GST), GST-APE1/Ref-1 WT or GST APE1/Ref-1 C/S were incubated with 30 ml of glutathione Sepharose 4B resin (GE Healthcare) for 1 h at 48C. After washing three times with 300 ml of 0.1HgKEN (20 mM HEPES pH 7.9, 100 mM KCl, 0.2 mM EDTA, 0.1% NP-40, and 10% glycerol), the resin was incubated with 2 ml of 35 S-labeled proteins in 300 ml of 0.1HgKEN for 1 h at 48C. After the resin was washed with 300 ml of 0.1HgKEN six times, bound proteins were eluted with 30 ml of Laemmli buffer, resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and visualized by Coomassie blue staining and autoradiography.
Electrophoretic mobility shift assays
Immediately prior to use, purified recombinant transcription factors were oxidized with diamide, and unreacted diamide was removed from protein samples by affinity purification, as described (23) . Recombinant proteins were then incubated in 10 ml of 0.1HgKEN with 1 mg of poly (dI-dC) (dI-dC) at 378C for 30 min. Where indicated, reduced L-glutathione (Sigma-Aldrich, St. Louis, MO, USA) or TrxR from rat liver (Sigma) and NADPH (Sigma) were included in the reactions. Where indicated, anti-APE1/Ref-1 or anti-Trx was also included, and the reactions were incubated on ice for an additional 30 min. Then, 1 pmol of 32 P-labeled probe was added, and the reactions were further incubated on ice for 20 min. The reaction mixture was then subjected to native 4% polyacrylamide gels in 0.5 Â Tris borate-EDTA buffer at 48C. The oligonucleotide probe containing an NF-kB-or AP-1 site was prepared by annealing the following oligonucleotides: sense, 5 0 -AGTTGAGGGGACTTTCCC-3 0 and antisense, 5 0 -GCCTGGGAAAGTCCCTC-3 0 for NF-kB; sense, 5 0 -G AGCCGCAAGTGACTCAGCGCGGGGCGTGTG-3 0 and antisense, 5 0 -GGCGTTCACTGAGTCGCGCCCCG CACACGTCC-3 0 for AP-1. In Figure 6D , nuclear extracts were prepared from transfected 293T cells as described before (38) , and subjected to electrophoretic mobility shift assay (EMSA).
Fluorescence assays
Oxidized transcription factors were incubated in 0.1HgKEN for various times at 378C in the presence or absence of reduced L-glutathione or TrxR from rat liver and NADPH. Then, to modify reduced cysteine residues, reaction mixtures were incubated with 2 mM fluorescence-5-maleimide (F5M, Molecular Probes, Eugene, OR, USA) on ice for 5 min. Reactions were terminated by addition of L-Cys to a final concentration of 20 mM, and unreacted F5M was removed by acetone precipitation. Precipitated proteins were resuspended in Laemmli buffer, separated by SDS-PAGE, and analyzed with a fluorescence scanner as described previously (23) .
AP endonuclease assays
AP endonuclease activity of APE1/Ref-1 was examined by the conversion of supercoiled, depurinated pBluescript II SK (+) to a nicked form. Depurination of the DNA was performed as described previously (7) . Depurinated DNA (200 ng) in a 20 ml reaction volume was incubated with APE1/Ref-1 at the indicated concentrations for 15 min at 378C in 10 mM Tris-HCl pH 8.0, 5 mM MgCl 2 , 1 mM EDTA and 0.01% NP-40. Reaction products were then electrophoresed on a 0.8% agarose gel and visualized by ethidium bromide staining.
Knockdown using siRNA
The siRNA duplex for APE1/Ref-1 was prepared by annealing two oligonucleotides; sense, 5 0 -GUCUGGUAC GACUGGAGUACC-3 0 and antisense, 5 0 -UACUCCAGU CGUACCAGACCU-3 0 . The siRNA duplex for green fluorescent protein (GFP) was purchased from Dharmacon (Lafayette, CO, USA). 293T cells were grown in Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum, 100 mg/ml penicillin and 100 mg/ml streptomycin. 0 -GTCTGGTACGACT GGAGTACC-3 0 . For reporter gene assays, 293T cells were seeded on 6-well plates 1 day before transfection and transfected with 125 pmol of siRNA, 0.125 mg of pNHkBHL containing four NF-kB-binding sites and the firefly luciferase gene (39) , and 0.05 mg of pEF-Rluc containing the control Renilla luciferase gene (40) using Lipofectamine 2000 reagent. Twenty-four hours later, one of the siRNA-resistant APE1/Ref-1 expression plasmids was transfected again into the cells. Six hours after the second transfection, the cells were reseeded on new 24-well plates at a 1:8 dilution. Twenty-four hours after the second transfection, the cells were treated with 10 ng/ml TNF-a (Pepro Tech, Rocky Hill, NJ, USA) and cultured for another 24 h. The cell extracts were prepared, and firefly and Renilla luciferase activities were measured using Dual-Luciferase Reporter Assay System (Promega) and Lumat LB9501 (Berthold Technologies, Bad Wildbad, Germany).
RESULTS
APE1/Ref-1 has two distinct effects on DNA-binding activity of NF-iB p50
Previously, we and others have shown that Cys-62 of NF-kB p50, the key cysteine residue involved in its DNA binding is redox-regulated by APE1/Ref-1 and Trx (20, 22, 23, 34) . In this study, we investigated potential interplay among different redox systems present in cells using p50 reduction as a model. As a measure of the redox states of Cys-62, DNA-binding activity of p50 was measured by EMSA using recombinant p50 that was oxidized with diamide prior to use. Whereas oxidized p50 showed little DNA binding without additional factors, it generated a shifted band in the presence of 1 mM DTT ( Figure 1A ). GSH and Trx increased p50 DNA binding in a concentration-dependent manner. As reported previously (20, 23, 34) 
Effects of APE1/Ref-1 and GSH on other transcription factors
We extended the study on redox chaperone activity to other members of the Rel family, such as p52, p65 and c-Rel. They have a redox-sensitive cysteine residue in their respective DNA-binding domains (21) . First, we examined whether APE1/Ref-1 WT and C/S bind to these Rel family members using GST pull-down assays. As shown in Figure 3A been attributed to its redox activity (20, 23, 34) . As APE1/ Ref-1 C/S did not promote p50 DNA binding appreciably even at the highest concentration used ( Figure 1C) , it is likely that APE1/Ref-1 C/S is deficient in redox activity. Besides, it is highly unlikely that a protein with no cysteine residue exerts redox activity.
APE1/Ref-1 also has DNA-binding activity (41) . When APE1/Ref-1 WT is used in EMSA at high concentrations, a faster-migrating band is often detected (Figures 1A and  3D ; indicated by asterisk). We examined the identity of this complex by using anti-APE1/Ref-1 and control antibodies and found that anti-APE1/Ref1 antibody selectively abolishes the formation of the faster-migrating complex ( Figure 1A Figure 6B ). TNF-a-induced activation of NF-kB was then directly measured by carrying out EMSA using nuclear extracts prepared from the transfected cells. We found that nuclear DNA-binding activity of NF-kB is (45) (46) (47) . However, the finding that APE1/Ref-1 facilitates reduction by structurally unrelated reducing molecules such as GSH and Trx may suggest that the specificity of redox reactions is determined solely by APE1/Ref-1, and that the type of reducing molecules is not important, the idea that is consistent with the second and third models.
Although redox activity of APE1/Ref-1 was found to be dispensable for its redox chaperone activity, we still think that these activities are mechanistically similar. This idea is more plausible than the idea that the two functionally related activities embedded in the single protein are exerted by distinct mechanisms. In our scenario, APE1/ Ref-1 binding to target transcription factors enhances their ability to be reduced, and then reduction is carried out by other reducing molecules or APE1/Ref-1 itself; APE1/Ref-1 is regarded as a redox chaperone in the former case and as a redox factor in the latter case.
We showed that APE1/Ref-1 C/S possesses redox chaperone activity, but lacks redox activity, AP endonuclease activity and DNA-binding activity. From these findings, we discuss structure-function relationships of APE1/Ref-1. X-ray crystallography suggests that the seven cysteine residues of APE1/Ref-1 neither form any disulfide bond nor are integral to the tertiary structure (37) . It is therefore plausible that the tertiary structure of APE1/Ref-1 C/S is similar to that of WT. For redox activity of APE1/Ref-1, the N-terminal region spanning amino acids 1-127 is shown to be necessary and sufficient for this activity (48) . Here, we provided evidence that mutation of all the cysteine residues abolishes redox activity, the finding that is theoretically reasonable. Thus, Cys-65, Cys-93 and Cys-99, the three cysteine residues within the N-terminal region, may be responsible for redox activity. As for AP endonuclease activity, it has been shown that mutation of each of the seven cysteine residues has no discernable effect on this activity (49) . Therefore, combined mutations of two or more cysteine residues are likely responsible for the defec- In conclusion, we discovered a novel biochemical activity of APE1/Ref-1 termed redox chaperone activity that regulates DNA-binding activities of various transcription factors through promoting the reduction of their critical cysteine residues by other reducing molecules such as GSH and Trx. This finding provides new insight into the mechanism of cellular redox regulation. The physiological significance of this finding awaits further investigation.
